Clustering of inertial particles in fluid, also known as preferential concentration, is a well-known phenomenon that is often found in particle-laden turbulence when the particle response time is of the same order as the Kolmogorov time scale of turbulence [1] [2] [3] [4] [5] [6] . The main mechanism of this phenomenon is the expulsion of inertial particles from rotating structures by centrifugal force when the particles interact with the coherent rotational motion of fluids. Therefore, most particles are found in a region where rotational motion is weak but where straining motion is observed. However, clustering of particles is not found when particles are so light that they behave like fluid particles or so heavy that their interactions with the fluid are weak. We report a different kind of particle clustering that occurs when heavy particles settle due to gravity, observed in our direct numerical simulations of homogeneous isotropic turbulence laden with particles. This clustering has totally different characteristics from clustering in the absence of gravity. In this paper, we provide quantitative evidence supporting particle clustering and a plausible interpretation of its mechanism.
We performed direct numerical simulation of particleladen turbulence by solving the Navier-Stokes equations with continuity,
where u i is the velocity of the fluid phase, p is the pressure, ρ f is the density of fluid, ν f is the viscosity of fluid, and f i is a random force required to maintain stationary turbulence. The diameters of the laden particles are assumed to be much smaller than the smallest flow length scale, the Kolmogorov length scale, such that a pointparticle approach is adopted. The governing equations for particle motion are then
with x p i , v i , u i and g denoting the particle position, particle velocity, fluid velocity at the particle location, and gravitational acceleration, respectively.
is the particle relaxation time, with d and ρ p denoting the diameter and the density of a particle, respectively. The effective nondimensional parameters are the Stokes number St(= τ p /τ η ) and the normalized settling velocity W(= gτ p /v η ), or interchangeably, the Froude number Fr(= v η /(gτ η ) = St/W), with τ η and v η denoting the Kolmogorov time and velocity scales, respectively. In the point particle approach, collisions between particles and the two-way interaction between particles and fluid are neglected.
Equations for fluid motion (Eqs. 1, 2) are solved in a periodic cube [0, 2π] 3 using a spectral method on 128 3 grids and the flow Reynolds number Re λ = 70 [7, 8] . The time marching scheme for fluid and particle motions is the third-order Runge-Kutta method [9, 10] , and the interpolation of fluid velocity at particle locations is carried out using the fourth-order Hermite interpolation [11, 12] . Figure 1 shows a snapshot of particle distribution in an x − y plane, with the −y direction denoting the gravitational direction for various values of the Stokes number and gravity number. Here, red-colored (gray-shaded) spots are the region where the enstrophy of the fluid is high, and thus the fluid has a strong rotation. When there is no gravity and St=1, a typical preferential concentration of the particles is observed, as shown in Fig.  1(a) . Most of the clustering of particles is found in the region with no strong fluid rotation. As gravity is applied to particles of St=1 ( Fig. 1(b) ), the clustering effect seems to weaken slightly [13] , and the particles tend to align with the gravitational direction. Due to intense settling, some particles pass through the intense rotation region, and the interaction between the settling particles and the rotational structure described in Ref. [14] becomes weaker. When heavy particles with St=4 settle under strong gravity (W=20 or Fr=0.2), a vertical pattern of particle clustering is clearly observed, as shown in Fig. 1(d) . The particles show a strong alignment in the gravitational direction, forming a strip pattern. When St=4, particle inertia is so large that particles are hardly influenced by the fluid motion due to the long response time; it is remarkable that heavy particles settling due to strong gravity display such an intense clustering phenomenon. Different pattern of clustering due to gravity is clearly discernible from the case without gravity ( Fig. 1(c) ). A similar kind of clustering under even stronger gravity was attributed to the periodicity of the computational domain in Ref. [15] . To confirm that this phenomenon is not due to a numerical artifact such as the periodicity of the computational domain or the large-scale forcing for stationarity, simulations were carried out in a vertically longer domain and in decaying turbulence. Similar particle clustering was observed. It can be concluded that the clustering is caused purely by gravity because we did not consider particle collision or two-way interactions between the particles and fluid.
In order to quantify the clustering phenomenon, we investigated the statistics of distances between particles. By analyzing the sorted distances from one particle to other particles, the distance to the closest particle, ∆, and its horizontal and vertical components, ∆ x and ∆ y , are easily identified. Although several methods to quantify clustering have been proposed [5] , we selected the statistics of distance between particles to separately identify clustering in different directions. Figure 2 shows the averaged distances to the closest particle in each direction, ∆ x and ∆ y , normalized by the corresponding values To provide a plausible explanation for this kind of anisotropic clustering due to gravity, we focused on flow quantity, ∂v/∂y, which is −(∂u/∂x + ∂w/∂z), the horizontal convergence of an incompressible fluid. It is well known that the skewness, (∂v/∂y) 3 /(∂v/∂y) 2 3/2 , which is ∼ −0.5, for a wide range of Reynolds numbers in isotropic turbulence, is negatively skewed [16] . This implies that a negative value of ∂v/∂y is more likely to have a larger magnitude than a positive value. The other interpretation of the negative skewness is that a negative value of ∂v/∂y is less frequently found in space than a positive value because integration of ∂v/∂y over the whole domain vanishes in homogeneous turbulence. Although the negative skewness of ∂v/∂y in turbulence is due to vortex stretching [17] [18] [19] , similar but more extreme asymmetry in ∂v/∂y can easily be found in the solution of the one-dimensional Burgers equation when a shock forms. ∂v/∂y of the flow field experienced by particles for St=1, 4 and W=0, 20 is shown in Fig. 3 . The same kind of skewness of ∂v/∂y experienced by a particle can be observed as particles travel in space. The negative peaks of ∂v/∂y are more intense than the positive peaks, whereas the duration of the negative ∂v/∂y is shorter than that of the positive ∂v/∂y. When gravity is effective, this asymmetry is preserved, and the durations of negative or positive ∂v/∂y become shorter due to the fast settling motion of particles, as shown in Fig. 3(b) . When gravity is absent, this asymmetry will not affect the dispersion of particles because particles wander almost randomly in space. However, when gravity is present, particles settle vertically, and those exposed to more frequent positive convergence of the flow field will tend to cluster due to the Stokes drag. The effect of this asymmetry will be more pronounced as the particle Stokes number increases because particles with a longer relaxation time will respond more progressively to a longer duration of positive ∂v/∂y. For example, rapid oscillatory variations of ∂v/∂y shown in the later part of Fig. 3(b) hardly affect the motion of heavy particles with St=4 (St=4 implies the response time of the particle τ p = 4τ η ). Recent observations of enhanced clustering of particles by gravity were attributed to either multiplicative amplification of many independent accelerations [20] or the preferential sweeping motion of particles [21] .
Probability density functions(pdf) of the persistence time, ∆τ + and ∆τ − defined in Fig. 3 , are shown in Fig. 4(a) , clearly indicating a strong skewness. For all Stokes and gravity numbers, the persistence times are non-Gaussian and positively skewed. The tail part can be very well approximated by an exponentially decaying function, P (∆τ /∆τ rms ) α exp(−β|∆τ |/∆τ rms ). As listed in Table 1 , the estimated values of β for ∆τ + and ∆τ − are very robust and clearly show a strong positive skewness. Compared to the no-gravity cases, the pdf in the presence of strong gravity is narrower due to the fast settling motion of the particles (the pdf in Fig. 4(a) is normalized by its own rms value). This increases the effectiveness of a longer persistence time in affecting the particles with a larger response time. A similar approach using the persistence time of the Okubo-Weiss parameter in two-dimensional turbulence showed that the PDF of the persistence time has exponential or power-law tails for the Eulerian or Lagrangian observations [22] .
To quantitatively assess skewness between ∆τ + and ∆τ − , we list the values of the normalized n-th order moment, |∆τ /∆τ rms | n 1/n , obtained separately for ∆τ + and ∆τ − for n = 1 ∼ 6 in Table 1 , clearly showing a stronger asymmetry as n increases. Particularly, the ra- tio of weighted moments defined by
is shown in Fig. 4(b) , where |∂v/∂y| + max and |∂v/∂y| − max are the peak values of |∂v/∂y| during each persistent time defined in Fig. 3 . The reason for weighting the moments by the local peak value of ∂v/∂y is that the local value of ∂v/∂y and the duration affect the motion of the particles. Because try, when strong gravity results in near vertical particle settling, causes a vertical strip pattern of clustered particles by exposing particles to horizontally converging fluid motion over a longer time. As the particle inertia increases, this asymmetry of longer persistence times influences particles more effectively due to a longer response time, and thus, vertical clustering is more recognizable. When gravity is absent, however, this asymmetry does not induce such a clustering because particles move in a random fashion.
In summary, we discovered a vertical strip pattern of particle clustering in our direct numerical simulation of particle-laden turbulence. Quantitative analysis of the averaged distance to the closest particle indicates that the horizontal distance is shorter than the vertical distance, forming a vertical strip pattern only when strong gravity settles particles with St ≥ 1. A plausible explanation for this phenomenon is provided by the nonGaussianity or skewness of the flow velocity gradient in the gravitational direction, which is the horizontal convergence, experienced by the particles. The ratio of highorder moments of the persistence time, as shown in Fig.  4 , clearly supports our claim that heavy particles settling almost vertically due to strong gravity are more exposed to converging fluid motion, thus forming a vertical strip pattern. Although the effect of gravity on the behavior of particles was investigated before by [23] in a cellular flow and by [24, 25] in channel flows, an identification of the clustering found in our study was difficult due to the unskewed velocity of fluid or inhomogeneity of the flow near the wall, respectively. Finally, it should be mentioned that the parameter range considered in our study is realizable in a real physical problem. According to [26] , the typical range of W (or Fr) for droplets of 10 ∼ 60 microns for the dissipation rate = 10 ∼ 400 cm 2 /s 3 in clouds is W = 0.5 ∼ 30 (or Fr = 0.01 ∼ 0.2). This interpretation of the mechanism of clustering due to gravity might be critical for studying how gravity affects droplet collision statistics in cloud turbulence, given that the clustering may enhance droplet coalescence by increasing the collision efficiency [6, [26] [27] [28] .
TABLE I. Parameters α and β of equation P (∆τ /∆τrms) ∼ α exp(−β|∆τ |/∆τrms) fitting the pdf shown in Fig. 4(a) , and normalized n−th order moments, |∆τ /∆τrms| n 1/n , for n = 1 ∼ 6 for ∆τ + and ∆τ − , respectively. The error range for α and β indicates 90% confidence interval. 
